We have isolated spontaneous mutants of polyoma virus middle T-antigen (PyMT) that do not activate the ARFp53 pathway based on their inability to block REF52 cell division. The REF52 cells containing these mutants have a flat untransformed morphological phenotype and do not express the ARF protein. The PyMT mutations in the different cell isolates so far analysed occur at a mutational hotspot in the PyMT sequence between nucleotides 1241 and 1249, which contains nine consecutive cytosines. In one set of mutants a single cytosine was deleted, while in another mutant set an additional cytosine was inserted. Both these mutations result in frameshifts, generating altered PyMT proteins containing amino-acid sequences derived from each of the two other alternative reading frames of the polyoma virus early region. Both types of mutations result in the loss of the C-terminal PyMT region containing the membrane-binding hydrophobic region and result is mislocalization of the PyMT mutant proteins. Revertant wild-type PyMT (containing nine cytosines) was easily detected in transformants generated after infection of REF52 cells expressing high amounts of dominant negative p53 with retroviruses containing either mutation. We demonstrate that wild-type PyMT revertants are derived from mutations in the hotspot sequence of the integrated mutant PyMT sequences.
Introduction
Activation of cellular tumor suppressor pathways is one of the cell's major defense mechanisms against cancer induced by activated oncogenes. One of the most important tumor suppressors in mammalian cells is the p53 transcription factor (Levine, 1997; Steele et al., 1998; Prives and Hall, 1999; Vogelstein et al., 2000; Sharpless and DePinho, 2002; Vousden and Prives, 2005) . Activation of the p53 pathway can lead to a cell cycle block or to cell death via apoptosis. The p53 pathway can be activated by inappropriate growth signals generated by a number of activated viral and cellular oncogenes (Lowe, 1999; Prives and Hall, 1999; Lomax and Fried, 2001; Sherr and McCormick, 2002; O'Shea and Fried, 2005) . This latter response can be mediated by the ARF protein (p14ARF in human and p19ARF in rodents), which is specified by the alternative reading frame transcript of the p16 INK4A gene in the CDNK2A Locus (Quelle et al., 1995) . ARF is inactivated in a variety of human tumors, consistent with its role as a tumor suppressor (Ruas and Peters, 1998; Sherr, 2004) . The mechanism(s) involved in the regulation of the ARF pathway by activated oncogenes remains to be elucidated.
The polyoma virus (Py) early region encodes three proteins by differential splicing of mRNA derived from the same genomic DNA. These are the large T-antigen (PyLT), the middle T-antigen (PyMT) and the small T-antigen (PyST). All three proteins contain the same reading frame for their 79 N-terminal amino acids. PyMT and PyST share a further common reading frame of 112 amino acids from sequence specifying the PyLT intron. PyST and PyMT utilize the same splice donor sequence with the PyST reading frame terminating four amino acids after joining its splice acceptor site in sequence derived from PyLT and PyMT intronic sequences. PyMT and PyLT share a common acceptor site but are specified in alternative reading frames for 691 nucleotides at which point the PyMT reading frame terminates, whereas the PyLT reading frame is open for a further 1415 nucleotides (Ichaso and Dilworth, 2001) .
PyMT is a potent oncogene that binds and activates the SRC tyrosine kinase resulting in the activation of a number of important cellular signaling pathways. These include PI3 kinase, PLC-gamma and the Ras-Raf-MAP Kinase pathway. The inappropriate activation of one or more of these cellular signaling pathways is thought to contribute to the oncogenic properties of PyMT (Gottlieb and Villarreal, 2001; Ichaso and Dilworth, 2001 ). PyMT induces ARF expression, which in turn activates p53, resulting in cell cycle arrest or apoptosis (Lomax and Fried, 2001; O'Shea and Fried, 2005) . It is unclear at this time how PyMT activates ARF.
REF52 is an established clonal cell line derived from post-crisis Fisher rat embryo cells that have a number of properties of normal cells (Logan et al., 1981; McClure et al., 1984) . REF52 cells have normal flat cell morphology, grow in a well-orientated monolayer and are contact inhibited. They have a high cloning efficiency at low cell density and a very low spontaneous transformation rate (McClure et al., 1984) . REF52 cells are unique in that they are similar to primary normal cells in containing an intact ARF-p53 tumor suppressor pathway (Lomax and Fried, 2001 ) and in requiring oncogene cooperation for their transformation (Franza et al., 1986; Kohl and Ruley, 1987; Hicks et al., 1991; Ragozzino et al., 1991; Mor et al., 1997; Lomax and Fried, 2001) . Most other established cell lines contain defects in their ARF-p53 tumor suppressor pathway and can be easily transformed by single activated oncogenes. Expression of PyMT can cause REF52 cells to stop dividing or die via the activation of the ARF-p53 tumor suppressor pathway (Mor et al., 1997; Lomax and Fried, 2001; O'Shea and Fried, 2005) .
We sought to investigate how PyMT activates ARF. In the present study, we have isolated spontaneous mutants of polyoma virus middle T-antigen (PyMT) that fail to activate the ARF-p53 pathway based on their inability to block REF52 cell division. The PyMT mutations, in different cell isolates so far analysed, occur at a mutational hotspot in the polyoma virus sequence between nucleotides 1241 and 1249, which contains nine consecutive cytosines. In one set of mutants (PyMT8C), a single cytosine was deleted resulting in eight cytosines (8C) and in another mutant (PyMT10C) an additional cytosine was added to this sequence to produce ten cytosines (10C). Both these mutations result in frameshifts, which generate mutant PyMT proteins containing amino-acid sequences derived from each of the two alternative reading frames. The loss of the ability of PyMT to bind to membranes is known to have an effect on transformation explaining the normal phenotype of REF52 cells containing the PyMT8C and PyMT10C mutant PyMT proteins. We find that the loss of the C-terminal PyMT region containing the membrane hydrophobic region also affects the ability of PyMT to induce ARF.
Materials and methods
Cell culture REF52 and DNp53REF52 have been previously described (Mor et al., 1997; Lomax and Fried, 2001 ). The DNp53REF52 cell line was established after infection of REF52 cells with pBabehygro-p53(302-390) (Mor et al., 1997) . All cell lines were routinely cultured in Dulbecco's modified Eagles media supplemented with 10% fetal calf serum, 100 mg/ml penicillin and 100 mg/ml streptomycin.
Retroviruses
A producer TEFLY cell line generating pBabePyMTNeo retrovirus was obtained from Parmjit Jat (Ludwick Institute, London). PyMT wild type and PyMT8C and PyMT10C cDNAs were cloned between the BamHI and Xhol sites of the LXSP3 and LXSN retroviruses after addition of a BamHI linker to the 5 0 end and a Xhol linker to the 3 0 end of these PyMT cDNA coding region. Retrovirus stocks of the LXSP3 and LXSN retroviruses were prepared after transfection of Phenoix cells using Lipofectamine 2000 (according to the manufacturers instructions). Polybrene was added to all retrovirus stocks to 8 mg/ml before REF52 cells were infected for 3-5 h at 371C.
Western blot analysis of protein Cells were lysed directly from culture in NP-40 lysis buffer (1% NP-40, 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 25 mM NaF, 1 mM EDTA, complete mini protease inhibitor cocktail). Protein concentrations were determined using the Lowry Protein Assay and the DC Protein Assay Reagents (BioRad). All protein samples were loaded for SDS-PAGE electrophoresis onto 4-20% gradient Tris-glycine gels, except samples to be analysed for ARF, which were separated using 16% Tris-glycine gels (Invitrogen). Proteins were immediately transferred to PVDF membrane (Fisher) using the BioRad Mini-Trans Blot system for 90 min at 90 V. The membrane was blocked using 5% milk (BioRad) in tris-buffered saline with tween (TBST) for an overnight incubation at 41 with gentle shaking. The membranes were probed using PYC for the polyoma T-Antigens and rabbit polyclonal 821B6 for ARF (Moule et al., 2004) . All antibodies were incubated in 5% milk-TBST for 1.5 h with gentle shaking at room temperature. The membranes were then rinsed with TBST and incubated with their appropriate secondary antibody conjugated to HRP (Jackson ImmunoReasearch) diluted in 5% milk-TBST for 1 h with gentle shaking at room temperature. Detection was preformed using ECL reagents (Amersham) according to manufacturer's protocol using Hyperfilm MP (Amersham).
Cell fractionation
Cells were washed using phosphate-buffered saline (PBS), and centrifuged at 3000 r.p.m. for 5 min at 41C. The pelleted cells were re-suspended in 200 ml of hypotonic lysis buffer (25 mM Tris, pH 7.4, 0.5 mM DTT, 25 mM Naf, 2 mM EDTA, protease inhibitors and 0.1% NP40) and left to swell on ice for 10 min with regular vortexing before being broken open using a Dounce Homogenizer (approximately 20 strokes until cells were shown to be permeable with trypan blue). Lysates were then centrifuged for 5 min at 3000 r.p.m. at 41C. The supernatant (cytosolic fraction) was transferred to a new tube and treated separately (see below). The nuclear pellet was washed twice with hypotonic buffer, vortexed and centrifuged at 5000 g for 5 min at 41C. The final pellet at this stage is the nuclear fraction (NUC). The cytosolic fraction was centrifuged at 45 000 g for 30 min at 41C. The resultant supernatant contained the cytoplasmic proteins (CYT) and the pellet comprised the membrane fraction (MEM).
Immunofluorescence Cells were plated in LAB-TEK six-or eight-well slides (Nalgene-Nunc) and allowed to grow to desired confluence. They were fixed using 4% paraformaldehyde (Electron Microscopy Science) for 1 h and subsequently permeabilized using 1% Triton-X 100 in PBS for 10 min. Blocking was preformed using 5% donkey serum (Jackson Immunoreserach) in PBS for 1 h. Primary antibodies were incubated for 1 h and diluted in 5% donkey serum. The 762 and PYC antibodies (kind gift from Dr Steve Dilworth) was used to detect the polyoma T-antigens. Cells were rinsed and appropriate secondary antibody (Molecular Probes) were applied and incubated for 30 min. Antibodies were conjugated to fluorophores for immunofluorescent detection using the LEICA DMRXA fluorescence microscope in conjunction with Zeiss software and lamps. Images were captured using the Hamamatsu digital camera.
Results
Isolation of morphologically untransformed REF52 cells containing PyMT proteins that do not activate the ARFp53 tumor suppressor pathway Infection of REF52 cells with retroviruses containing a PyMT cDNA and a linked antibiotic resistance marker (Neo or Puro) failed to produce foci of morphologically transformed cells (Figure 1 , middle Petri dish) generated following similar infections of cells lacking a functional form of p53 ( Figure 1 , right Petri dish). In addition, many large nondividing cells that appeared to be senescent were noted in the cultures 48 h after infection ( Figure 2c ). These results confirm previous obser vations that the presence of PyMT in REF52 cells, which contain an intact ARF-p53 pathway, results in a block to cell division either through cell cycle arrest and/or cell death, preventing the formation of transformed cell colonies (Lomax and Fried, 2001; O'Shea and Fried, 2005) .
However, approximately one in 10 2 of the PyMT retrovirus-infected REF52 cells were capable of forming colonies in the presence of antibiotic (Figure 1 , left Petri dish). The untransformed antibiotic-resistant cell colonies that survived after the infection with one of two separately derived retroviruses containing PyMT cDNAs (see Materials and methods) were isolated and grown into cell lines. These cell lines were composed exclusively of cells that exhibited a normal Figure 1 Infection of REF52 cells with pbabePyMTNeo. REF52 cells or REF52 cells expressing a dominant negative p53 (DNp53REF52) were infected with a retrovirus containing PyMT linked to a Neomycin (Neo) resistance marker (pBabePyMTNeo) and assessed after 12 days for the presence of foci of transformed cells and the number of Neo-resistant colonies. No transformed foci were generated from the infected REF52 cells (middle Petri dish), and only about 10 À2 of the infected REF52 cells generated Neo-resistant normal cell colonies (left Petri dish). Transformed foci are easily produced after infection of DNp53REF52 cells in which p53 function is inhibited (right Petri dish) and these transformed DNp53REF52 cells were found to be Neo resistant (not shown). Figure 2b ). About 20% of these normal cell lines did not produce any form of PyMT. The remaining 80% of the cell lines expressed various PyMT proteins that migrated with differing mobilities on denaturing electrophoresis gels. Some of these proteins migrated faster and some slower that the wild-type PyMT protein, while others migrated at a similar electrophoretic mobility ( Figure 3 ). As expected, ARF protein was not detected in the surviving REF52 cell isolates (Figure 4) , indicating that the variant PyMT proteins present were incapable of activating ARF.
Frameshift mutations at a run of nine cytosines in the PyMT DNA sequence result in the loss of the PyMT C-terminus PyMT 8 cytosine mutation. As the isolated REF52 clones with altered PyMT proteins do not activate ARF, it was of interest to determine if the PyMT sequences in these cell isolates were mutated, and if so which PyMT domain(s) was affected. In the first analysis, we chose to characterize those isolates producing shorter and longer forms of the PyMT protein. The sequence of the integrated PyMT viral DNA was determined after PCR amplification of chromosomal DNA of three flat REF52 cell clones (MT A, MT D, MT G) that were all derived from the same pbabeNeoPyMT retrovirus infection and express a similar PyMT protein that migrates slightly faster than the wild-type protein (Figure 3) . In all three REF52 cell clones, the same mutation was observed, consisting of a loss of a cytosine in a consecutive run of nine cytosines between polyoma virus nucleotides 1241 and 1249 (Accession number J02288). Another cell isolate, MT 12, derived from an infection with an independent virus stock (pbabePuroPyMT) was also found to contain a similar sized truncated protein (Figure 3 ) and the same frameshift mutation. This class of PyMT will henceforth be referred to in future as PyMT8C.
The loss of one cytosine results in a consecutive run of only eight cytosines and generates a frameshift of the PyMT reading frame into the PyST 3 0 untranslated region 438 nucleotides past the termination of the PyST protein ( Figure 5 ). Thus the truncated PyMT8C protein anti-ARF Figure 4 The PyMT proteins present in the REF52 flat normal cell isolates do not activate ARF. ARF was not detected in the cell extracts of the REF52 flat normal cell isolates containing various sized PyMT proteins (see Figure 3) by Western blot analysis using a rabbit anti-ARF antibody (anti-ARF) that easily detects ARF present in the PyE REF52 cells (transformed by the wild-type Py genome (PyLT, PyMT and PyST) (Lomax and Fried, 2001) ). PyMT hotspot mutations affecting the ARF-p53 pathway P Rodriguez-Viciana et al lacks the 84 C-terminal amino acids of PyMT. The PyMT8C protein is composed of the first 337 Nterminal amino acids of PyMT plus seven novel amino acids derived from the frameshift into a small open reading frame of the PyST 3 0 untranslated region (Figures 5 and 6a) .
PyMT 10 cytosine mutation. The MT 11 flat untransformed REF52 cell line was isolated following infection with the pbabeNeoPyMT retrovirus and found to express a slower migrating PyMT protein (Figure 3) . Determination of the sequence of the PyMT viral DNA in MT 11 cells revealed that a frameshift mutation had occurred at the same consecutive run of cytosines that are altered in PyMT8C mutant class. However, instead of a loss of a cytosine, the MT 11 cells contain an additional cytosine resulting in a run of 10 cytosines compared to the nine cytosines found in wild-type PyMT. This PyMT mutant class will henceforth be referred to as PyMT10C.
The 10C mutation results in a PyMT protein that has lost the 83 C-terminal PyMT amino acids and frameshifts into the PyLT reading frame at Py nucleotide 1249 ( Figure 5 ). In the PyMT10C parental pbabeNeoPyMT retrovirus the PyMT cDNA is attached to the vector sequence via a XhoI restriction site inserted just 3 0 to the PyMT translational termination codon (see Materials and methods). Four novel in-frame amino acids are generated from these sequences before a termination codon is reached in the vector sequence. Thus, the 427 amino-acid PyMT10C protein contains 338 PyMT amimo-terminal amino acids attached to 85 PyLT amino acids (PyLT amino acids 231-315) followed by four vector-derived amino acids at its C-terminus (Figure 6b) . Even though the 427 amino-acid PyMT10C protein only contains six more amino acids than the 421 amino-acid wild-type PyMT protein, (1.4% difference in length) and the two proteins share a high (80%) aminoacid sequence homology, they have distinctly different mobilities on denaturing electrophoresis gels (Figure 3 ). This indicates that the amino-acid composition of the 89 altered amino acids in the PyMT10C protein plays a significant role in its electrophoretic mobility.
The cellular location of the PyMT mutant proteins
The wild-type PyMT protein is found localized in membranes (Ichaso and Dilworth, 2001 ). The hydrophobic C-terminal region of PyMT required for its membrane binding (Gottlieb and Villarreal, 2001; Ichaso and Dilworth, 2001 ) is absent in both the PyMT8C and PyMT10C proteins. Thus it was of interest to determine the cellular location of these PyMT proteins in PyMT8C and PyMT10C cells. It was observed that PyMT8C protein was predominantly present in the cytoplasm fractions after Western blot analysis of the different cell fractions (Figure 7a) . A cytoplasmic location has previously been reported for a number of similar PyMT mutant proteins lacking the membrane-binding hydrophobic region (Markland et al., 1986; Markland and Smith, 1987) . In contrast, the PyMT10C protein was found to be predominately located in the nuclear fraction (Figure 7a ). The incorporation of the PyLT nuclear localization aminoacid sequences (Richardson et al., 1986) into the PyMT10C protein as a result of the frameshift mutation (see Figure 6b ) most likely accounts for its nuclear location. The cellular locations of the variant PyMT proteins were confirmed by immunofluorescence analysis (Figure 7b) .
Revertants of the PyMT8C and PyMT10C mutations can be easily isolated in the presence of a dominant negative p53
The region of Py DNA containing nine consecutive cytosines between nucleotides 1241-1249 is a mutational hotspot ( Figure 5 ). Thus it would be expected that the eight cytosines in PyMT8C and the 10 cytosines in PyMT10C DNA sequences would mutate to the nine cytosines found in wild-type PyMT DNA with a reasonable frequency. If this occurred the wild-type PyMT protein produced would activate ARF and consequently the p53 pathway to generate a block to REF52 cell division either as the result of cell death or a cell cycle arrest. This would make the isolation of dividing wild-type PyMT transformed REF52 cells difficult if not impossible.
Previously, our lab detected the generation of the same 8C mutation (identified here) as being responsible for the revertant phenotype of a transformed Rat-1 cell line containing integrated Polyoma virus (Py) genomic DNA (Wilson et al., 1986) . These revertant flat untransformed Rat-1 cells generated morphological transformed variants spontaneously at a detectable frequency. It was found that these transformants had gained a cytosine in the hotspot region to regenerate nine cytosines in the Py genomic DNA, resulting in the generation of a full-sized functional wild-type PyMT (Wilson et al., 1986) . In Rat-1 cells, the generation of wild-type PyMT does not activate ARF, as Rat-1 cells do not express ARF (Lomax and Fried, 2001 ), therefore p53 is not induced and the newly generated transformed cells are able to divide and be isolated (Wilson et al., 1986) .
We sought to show that our present inability to detect wild-type PyMT revertants was indeed the result of a block of cell division by activated functional p53 in the REF52 cells. To this end, we constructed retroviruses encoding either the mutant PyMT8C or PyMT10C proteins. Infection of REF52 cells with either of these PyMT mutant retroviruses resulted in only diving normal flat cell colonies. On the other hand, infection of a clonal REF52 cells line containing a highly expressed dominant negative p53 (DNp53REF52), which inhibits the activity of the endogeneous p53, resulted in the appearance of foci of transformed cells at a frequency of about 10 À3 of the infected cells. These transformed cells contained a PyMT migrating in the position of wild-type PyMT in polyacryamide gels. The presence of the DNp53 both inactivates and stabilizes the endogenous p53 in the DNp53REF52 cells and these p53 levels are not markedly increased in the transformed DNp53REF52 cells containing wild-type PyMT.
It was not clear at what stage the back mutations at the hot-spot run of consecutive cytosines was being generated. The reversion mutations could have occurred in the bacteria in which the cloned retrovirus constructs were grown and/or as a result of the mistakes in the reverse transcription during the generation of the retroviruses in the virus producer lines and/or during chromosomal replication of the integrated retrovirus in the DNp53REF52 cells. In order to determine whether the reversion mutations were occurring after infection, the infected DNp53REF52 were plated out at different dilutions in a series of 24-well plates and those wells containing only a single normal cell colony formed after 6 days were identified microscopically. After expansion of each cell colony in the well, for a further 3 days the cells (about 1000 cells) were transferred to a 10 cm Petri dish. After 10 days growth, dishes were assessed for the presence of transformed foci on a normal cell background (see right Petri dish Figure 1 ). The generation of transformed cells from these normal cell isolates definitively shows that the reversion to wild-type PyMT must have occurred in the retrovirus-infected DNp53 REF52 cells and not during the preparation of the retroviruses.
The number of dishes containing different numbers of transformed foci derived from these normal cell colonies is shown in Table 1 . No transformed foci were detected on some dishes indicating that reversion has not yet occurred, or was generated at such a late stage that it was being masked by the excess of normal cells. Alternatively, the PyMT in these cells might be incapable of generating transformed cells due to other PyMT or cellular mutations, which suppress transformation. Some of the dishes contained between 1-50 colonies and others between 50-100 colonies (Table 1) . Most striking was the finding that a number of the dishes contained an abundance of transformed colonies (greater than 100) indicating that reversion to wild-type PyMT from the individual normal cell colonies (Table 1) was taking place as a frequent event. A number of sectored colonies consisting of regions of normal cells and regions of transformed cells were observed in this cell population consistent with the notion that transformed cell frequently arise from the normal cell population (Figure 8 ). Transformed foci as well as corresponding normal cell regions from the same dish were isolated and analysed from dishes containing less than 5 foci. The transformed cells were found to contain a full-sized PyMT protein, whereas the normal cells contained the mutant PyMT8C or PyMT10C variant PyMT proteins. The integrated PyMT sequences from transformed DNp53REF52 cells, arising from these different single normal colony isolates generated after infection with PyMT8C and PyMT10C retroviruses, were sequenced and found to contain the wild type nine consecutive cytosines between nucleotides 1241-1249. The corresponding normal cell regions isolated from the matched infected cell colonies were found to contain either the PyMT8C or PyMT10C mutant proteins and the corresponding mutant specific sequences (8 or 10 cytosines) in this region (data not shown).
Discussion
PyMT in the absence of other cooperating oncogenes activates the ARF-p53 pathway in REF52 cells causing a block to cell division as the result of a cell cycle arrest or cell death (Lomax and Fried, 2001 ). Based on their inability to block REF52 cell division we have isolated spontaneous mutants of PyMT that do not activate the ARF-p53 pathway (Figure 1) . The REF52 cells containing these mutants have a flat untransformed morphological phenotype (Figure 2) . The mutations analysed in this work occurred at a mutational hot spot in the Py sequence between nucleotides 1241-1249, which contains nine consecutive cytosines ( Figure 5 ). In one set of mutants (PyMT8C), a single cytosine was deleted resulting in eight cytosines (8C) and in another mutant (PyMT10C) an additional cytosine was added to this sequence to produce ten cytosines (10C) ( Figure 5 ). Both these mutants result in frameshifts, which produce mutant PyMT proteins containing amino-acid sequences derived from either the alternative PyST or PyLT reading frames ( Figure 6 ).
Consecutive runs of single nucleotides are known to be hotspots for frameshift mutations, presumably as the result of slippage or stuttering, resulting in misalignment errors by the DNA polymerase during replication (Baumann et al., 1985; Strauss, 1999; Streisinger and Owen, 1985) . It is most likely that the generation of nine cytosines to produce a wild-type PyMT is also taking place in this hotspot region of the untransformed REF52 cells containing either the PyMT8C or PyMT10C DNA sequences. However, we never detect any revertant transformants because the wild-type PyMT once generated, would activate ARF resulting in a p53-induced block to cell division. As such revertant PyMT8C and PyMT10C REF52 cells containing newly Table 1 Number of Petri dishes with transformed foci after expansion from single normal colonies of PyMT8C and PyMT10C-infected DNp53REF52 cells
PyMT8C retrovirus

PyMT10C retrovirus
Number of dishes with >100 foci 3 3 Number of dishes with 50-100 foci 7 6 Number of dishes with 1-50 foci 7 8 Number of dishes with 0 foci 3 3
Frequency of spontaneous transformed cells generated from single normal DNp53REF52 colonies generated after infection with PyMT8C and PyMT10C retroviruses. DNp53REF52 cells were infected with either pbabePyMT8CPuro or pbabePyMT10CPuro were plated at different concentrations in 24-well plates and selected for Puro resistance. Twenty wells containing only a single Puro-resistant normal cell colony derived from cells infected with each of the two retroviruses were identified microscopically 6 days after plating. After expansion of each of the single cell colonies in the well for a further 3 days, the cells (about 1000 cells) were transferred to a 10 cm Petri dish and allowed to grow to confluence for a further 10 days growth, at which time they were assessed for the presence of transformed foci on a normal cell background. The number of 10 cm dishes containing 0, 1-50, 50-100 or greater than 100 transformed colonies are listed. Figure 8 A sectored normal/transformed colony generated after infection of DNp53REF52 cells with a retrovirus containing PyMT8C. On the left is shown a sectored normal/transformed cell colony generated from cells with a high transformation rate initially derived from a normal infected DNp53REF52 cell colony (see Table 1 ). On the right is shown a photomicrograph of the border between the normal and transformed cells (from small red box) of the colony on the left. generated wild-type PyMT have no way of easily overcoming this block to cell division, they are lost from the dividing cell populations. In contrast, in our previous work (Wilson et al., 1986) we found that the flat untransformed revertant Rat-1 cells containing the same 8C mutation in Py genomic DNA (as opposed to the PyMT cDNA sequences studied here) easily generated revertant morphological transformants, which had regained a cytosine in the hotspot region to regenerate nine cytosines (Wilson et al., 1986) . As Rat-1 cells do not contain ARF (Lomax and Fried, 2001 ) the newly generated wild-type PyMT cannot activate the ARF-p53 pathway and the newly generated transformed Rat-1 cells are able to divide and be isolated (Wilson et al., 1986) . Consistent with these findings we have shown that we can isolate revertant dividing transformed REF52 cells containing wild-type PyMT in the presence of the expression of a DNp53, which blocks the ability of the PyMT-activated endogenous p53 (via induction of ARF) to inhibit cell division. Revertant wild-type PyMT was easily detected after infection of a clonal REF52 cell line expressing high amounts of DNp53 with retroviruses containing either PyMT8C or PyMT10C mutations. We were able to clearly show that this wild-type PyMT could be generated by reversion of the integrated PyMT mutant sequences to nine cytosines within the DNp53REF52 cell chromosomal DNA as opposed to the revertants being present in the infecting retrovirus population. This was demonstrated by the isolation of revertants after the cloning of infected normal DNp53REF52 cells (Table 1) and more dramatically by the visualization of normal/transformed sectored colonies where the generation of transformed cells clearly arose from the normal cell population (Figure 8 ).
Different numbers of transformed foci were found to arise from different normal single colony isolates of infected DNp53REF52 cells (Table 1) . Some of these normal cell colonies generated an extraordinarily high number of transformed revertant colonies and sectored colonies, indicating a very high mutation rate at the hotspot sequence. It is interesting to speculate that the chromosomal location of the different integrated hotspot sequences plays a role in the frequency of the mutation rate. This may account for differential mutation rates of different chromosomal genes. The GC content or chromatin binding of surrounding DNA sequences may influence gene mutation frequency. On the other hand, we cannot rule out that the high mutation frequency of the hotspot sequence is the result of its presence in variant cells with low fidelity replication machinery.
The PyMT8C-encoded protein contains the 383 Nterminal PyMT amino acids fused to seven amino acids derived from the PyST reading frame after the termination of the PyST protein (Figure 6a ). The PyMT10C-encoded protein contains 384 N-terminal amino acids of PyMT attached to 85 amino acids from the PyLT reading frame followed by four amino acids derived from vector sequence (Figure 6b ). Thus the PyMT8C and PyMT10C mutations result in frameshifts to generate altered PyMT proteins that have lost the 83 or 84 C-terminal amino acids containing the hydrophobic membrane-binding domain of PyMT. Consistent with our previous studies in which we showed that the truncated frameshift Rat-1 cell PyMT protein, which had lost its C-terminal hydrophobic region was no longer membrane associated (Wilson et al., 1986) , we find that in REF52 cells the PyMT8C protein is mainly located in the cytoplasm. The PyMT10C protein is found predominately in the nucleus. This is most likely due to the 10C frameshift resulting in the presence of 85 amino acids in the PyMT10C protein being derived from PyLT. These PyLT amino-acid sequences contain the PyLT nuclear localization signal that appears to be responsible for the PyMT10C protein location in the nucleus (Figure 7) .
The loss of the ability of PyMT to bind to membranes is known to have an effect on transformation (Gottlieb and Villarreal, 2001; Ichaso and Dilworth, 2001) explaining the normal phenotype of REF52 cells containing the PyMT8C and PyMT10C mutant PyMT proteins. We find that the loss of the C-terminal PyMT region containing the hydrophobic region also affects the ability of PyMT to induce ARF. Because the loss of membrane binding affects the binding of multiple cellular proteins and activation of a number of cellular pathways, at this time we cannot definitively assign exactly which PyMT domain(s) are important for the activation of the ARF. We are presently analysing the effect of the different cellular locations of the variant PyMT proteins, generated by these hotspot mutations, on the binding of host proteins and activation of cellular pathways involved in growth control. This work clearly demonstrates that we can use REF52 cell division as an assay or selection for PyMT domains involved in the activation of the ARF-p53 pathway. We are presently analysing other REF52 cell clones that were generated after infection with a PyMT retrovirus (Figure 3 ) for viral and cellular mutations that affect the induction of the ARF-p53 tumor suppressor pathway.
